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HIGHLIGHTS 


•  Polyvinylpyrrolidone  (PVP)  can  be  used  as  a  binder  in  supercapacitors. 

•  PVP-electrodes  can  be  casted  or  sprayed  and  used  in  organic  electrolytes. 

•  PVP  as  a  binder  yields  better  performance  as  polyvinylidenedifluoride  (PVDF). 
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Polyvinylpyrrolidone  (PVP)  is  presented  as  a  “greener”  alternative  to  commonly  used  supercapacitor 
binders,  namely  polyvinylidenedifluoride  (PVDF)  or  polytetrafluoroethylene  (PTFE).  The  key  advantages 
of  using  PVP  are  that  it  is  non-toxic  and  soluble  in  ethanol  and  it  can  be  used  to  spray  coat  or  drain  cast 
activated  carbon  (AC)  electrodes  directly  on  a  current  collector  such  as  aluminum  foil  -  in  contrast  to 
PTFE  that  requires  rolling  or  PVDF  that  requires  toxic  N-methylpyrrolidone  (NMP).  The  electrodes  with 
the  best  mechanical  stability  incorporated  3.5  mass%  of  1.300.000  g  mol-1  PVP.  Compared  to  PTFE  or 
PVDF,  the  resulting  pore  volume  was  significantly  higher  and  the  specific  surface  area  significantly  larger 
when  using  PVP  (normalized  to  the  amount  of  AC).  A  good  electrochemical  performance  was  observed  in 
organic  electrolytes  for  AC— PVP  electrodes:  112  or  97  F  g-1  at  0.1  A  g-1  in  1  M  TEA— BF4  in  propylene 
carbonate  or  acetonitrile,  respectively.  The  performance  stability  was  comparable  to  PTFE-bound  elec¬ 
trodes  when  adjusting  the  maximum  cell  voltage  to  2.5  V  while  preserving  the  manufacturing  features  of 
PVDF— AC  films.  ( Electro  )chemical  stability  is  shown  by  electrochemical  testing  and  infrared  vibrational 
spectroscopy  for  propylene  carbonate  and  acetonitrile. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Limited  availability  of  fossil  fuels  and  the  sustainable  transition 
of  our  transportation  fleet  to  electric  cars  have  greatly  expedited 
the  research  activities  related  to  the  large  scale  implementation 
and  generation  of  energy  from  renewable  resources.  To  achieve  the 
ambitious  goal  of  15-20%  of  renewable  energy  for  the  total  elec¬ 
tricity  supply  in  the  coming  years  set  by  many  countries  worldwide, 
not  only  technologies  for  energy  generation  and  transport  are 
needed,  but  grid  stability  and  efficiency  greatly  require  advanced 
energy  storage  technologies  1,2  .  Among  energy  storage  solutions, 
electrical  double  layer  capacitors  (EDLCs),  also  called  ultra-  or 
supercapacitors,  have  emerged  as  a  particularly  promising 
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technology  that  is  already  widely  used  in  commercial  consumer 
electronics,  memory  back-up  systems,  and  industrial  power  and 
energy  management  systems  [3-5].  Based  on  non-faradaic  energy 
storage  via  reversible  ion  electroadsorption,  EDLCs  excel  in  long 
lifetime,  fast  charge/discharge  rates,  and  high  power  density,  while 
maintaining  a  moderate  energy  density  compared  to  state-of-the- 
art  lithium  ion  batteries  [6-8]. 

A  typical  EDLC  consists  of  two  electrodes  composed  of  porous 
carbon,  which  are  spaced  by  an  electrically  isolating  porous  sepa¬ 
rator  immersed  in  an  electrolyte  (aqueous/organic/ionic  liquid 
based),  all  of  which  are  contained  in  a  metal  housing.  [9  One  key 
component  is  the  active  electrode  material,  which  is  typically 
bound  by  a  polymeric  binder  to  form  mechanically  stable  and 
coherent  films.  Activated  carbons  (AC)  are  the  most  commonly  used 
active  material  due  to  their  large  surface  area,  sufficient  electrical 
conductivity,  natural  abundance  of  precursors,  and  availability  at 
moderate  cost  [1,10]. 
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To  be  used  in  an  EDLC  device,  self-standing  electrode  sheets  or 
AC  coatings  have  to  be  applied  to  metallic  current  collectors 
(typically  carbon  coated  aluminum)  [9  .  For  the  preparation  of 
such  electrodes,  AC  powders  are  mixed  with  suitable  polymer 
binders  such  as  polytetrafluoroethylene  (PTFE)  or  poly- 
vinylidenedifluoride  (PVDF)  in  an  amount  typically  between  5  and 
10  mass%  [9,11,12  .  While  being  highly  suitable  to  craft  free¬ 
standing  carbon/polymer  film  electrodes,  PTFE  prohibits  direct 
casting  onto  metal  current  collectors.  However,  improved  material 
integrity  at  the  active  material/current  collector  interface  may 
enhance  the  electrochemical  performance  for  electrode  systems 
directly  attached  to  the  current  collector.  PVDF  is  widely  used  for 
this  purpose  because  of  its  chemical  inertness  and  suitability  of 
the  rheological  properties  of  the  carbon  slurry  13].  Yet,  to  obtain 
coatings  of  sufficient  mechanical  stability,  high  amounts  of  PVDF 
have  to  be  added  (around  10  mass%)  which  increases  the  dead 
mass  and  potentially  reduces  the  overall  capacitance  of  the  device 
by  blocking  access  to  the  pore  network  [14  .  Moreover,  there  are 
growing  concerns  regarding  the  use  of  PVDF  because  of  the 
necessary  addition  (and  subsequent  removal)  of  N-methyl-2- 
pyrrolidone  (NMP)  during  electrode  preparation  which  is  a 
dipolar  aprotic  solvent  classified  as  a  reproductive  toxicant  [15  .  In 
addition,  the  way  of  blending  the  electrode  material  with  binder 
impacts  the  electrochemical  performance  as  binder  may  obstruct 
the  access  of  ions  to  a  significant  portion  of  the  total  surface  area 
and  the  defragmentation  of  carbon  particles  may  cause  an  increase 
in  electrical  resistance  [16  .  Indeed,  based  on  data  of  free-standing 
binder-free  electrodes,  it  would  be  preferential  to  avoid  the  use  of 
any  binder  17-19].  However,  this  is  in  most  cases  not  possible  as 
it  would  exclude  the  use  of  highly  available  and  cost-attractive 
activated  carbon  powders. 

The  selection  of  binder  material  has  to  balance  a  couple  of 
partially  diametrical  properties.  It  is  especially  important  to  lower 
the  amount  of  added  binder  as  they  are  commonly  electrically 
insulating  and  do  not  contribute  to  the  charge  storage  mechanism. 
In  particular,  the  challenge  is  to  combine  chemical  stability  in  the 
presence  of  the  selected  electrolyte,  mechanical  strength,  and  film 
integrity  with  little  or  no  detrimental  impact  on  either  particle 
porosity  or  electrical  film  conductivity.  Furthermore,  with  envi¬ 
ronmental  awareness  driving  the  selection  of  supercapacitor 
components,  interest  has  also  increased  in  investigating  “green”  or 
“greener”  materials  and  especially  fluorine  free  binders  [13,14,20]. 
In  particular,  carboxymethylcellulose  (CMC)  has  been  introduced  as 
a  promising  binder  material  [21,22];  yet,  to  enable  a  high  capacitive 
performance,  chemical  modification  of  CMC  or  the  addition  of  PTFE 
is  required  that  renders  this  interesting  material  rather  elaborate 
and  expensive  in  its  application  to  EDLC  devices  [23  .  Natural  cel¬ 
lulose  has  also  been  investigated  as  a  “green”  binder  material; 
however,  this  material  usually  requires  large  amounts  of  added 
conductive  additive  to  obtain  an  adequate  rate  handling  24].  Work 
on  fuel  cells  and  carbon  nanotube  surfactants  indicates  that  poly¬ 
vinylpyrrolidone  (PVP)  may  also  be  a  promising  fluorine-free 
binder  for  non-aqueous  electrolytes  (PVP  dissolves  in  water) 
[25,26].  Until  now,  there  has  been  no  systematic  study  using  PVP  as 
a  binder  for  EDLC  electrodes  that  includes  its  effect  on  mechanical 
strength,  the  electrical  conductivity  of  the  electrodes,  and  the 
resulting  electrochemical  performance. 

In  our  study,  a  parametric  and  comprehensive  evaluation  of 
different  types  of  PVP  as  a  binder  for  EDLC  electrodes  for  non- 
aqueous  electrolytes  will  be  presented.  The  striking  advantage  of 
PVP-based  electrodes  is  that  they  can  be  coated  directly  onto 
metallic  current  collectors  by  casting  or  spray  coating.  This  enables 
scalable  application  in  a  cost  sensitive  industrial  production  where 
currently  PVDF  is  employed;  yet,  unlike  PVDF,  no  toxic  solvent  is 
required  for  electrode  fabrication.  The  obtained  film  electrodes 


were  tested  in  a  symmetric  two  electrode  cell  geometry  using 
standard  electrolytes,  that  is,  1  M  tetraethylammonium  tetra- 
fluoraborate  (TEA-BF4)  in  either  acetonitrile  (ACN)  or  propylene 
carbonate  (PC).  The  electrochemical  performance  is  investigated 
using  cyclic  voltammetry  and  constant  voltage  floating,  whereas 
the  chemical  stability  is  determined  using  infrared  spectroscopy. 
The  properties  are  compared  to  conventional  binder  materials, 
namely  PTFE  and  PVDF. 

2.  Experimental  description 

2.1.  Reagents 

Activated  carbon  (AC)  powder  (YP50-F,  Kuraray  Chemical)  was 
used  as  the  active  material  for  the  preparation  of  EDLC  electrodes. 
Polyvinylpyrrolidone  (PVP,  Sigma  Aldrich)  of  different  molecular 
masses  was  used  as  dispersant/binder.  The  molecular  mass  of  PVP 
was  40.000,  360.000,  and  1.300.000  g  mol-1  as  reported  by  the 
manufacturer.  In  addition  to  PVP,  also  PVDF  and  PTFE  (as  a  60  mass% 
aqueous  solution,  Sigma  Aldrich)  were  used.  Tetraethylammo- 
nium-tetrafluoroborate  (TEA-BF4)  was  used  in  1  M  solution  in 
propylene  carbonate  (PC)  or  acetonitrile  (ACN;  all  purchased  from 
BASF  Battery  Materials).  The  water  of  both  solvents  was  below 
20  ppm  as  confirmed  by  Karl  Fischer  titration. 

2.2.  Electrode  preparation 

Slurries  with  PVDF  binder  were  prepared  by  the  following 
procedure:  0.2  g  of  PVDF  powder  was  dissolved  in  8  g  of  N-methyl- 
2-pyrrolidone,  NMP,  from  Sigma-Aldrich  in  an  oil  bath  at  100  °C 
under  constant  stirring.  Afterward,  1.8  g  of  AC  powder  was  added 
and  the  mixture,  which  was  stirred  for  10  min  at  room  temperature 
and  then  for  another  15  min  in  an  ultrasound-assisted  ice  bath.  The 
resulting  slurry  consisted  of  10  mass%  solid  fraction  with  respect  to 
the  total  mass  (i.e.,  AC  plus  PVDF).  For  the  ultrasound  treatment,  a 
Branson  Sonifier  450  with  a  maximum  power  output  of  400  W  was 
used  (duty  cycle:  20%,  output  power:  30%). 

For  the  electrodes  with  PVP  binder  ethanolic  slurries  contain¬ 
ing  AC  powder  and  different  amount  of  PVP  with  a  solid  content  of 
20  mass%  with  respect  to  total  mass  (i.e.,  AC  plus  PVP  plus  ethanol) 
were  prepared  by  ultrasound-assisted  stirring  in  an  ice  bath  for 
10  min  with  parameters  as  described  above.  The  amount  of  PVP  in 
the  AC-PVP  slurries  was  varied  between  2.5  and  5  mass%  with 
respect  to  the  mass  of  PVP  plus  AC.  The  PVDF  containing  slurry 
was  drain  casted  directly  on  the  aluminum  current  collector 
(30  pm  thickness,  Carl  Roth)  and  AC  coatings  of  50-70  pm 
thickness  were  obtained.  Afterward  the  aluminum  foils  coated 
with  AC-PVDF  were  dried  at  80  °C  in  an  air  recirculating  oven  at 
ambient  pressure  for  10  h  followed  by  a  drying  step  at  120  °C 
under  20  mbar  vacuum  for  24  h.  After  mixing,  the  PVP  containing 
slurry  was  transferred  in  a  nitrogen  filled  glove  box  (O2, 
H20  <  0.1  ppm,  MBraun,  Germany),  where  it  was  drain  casted  on 
carbon  coated  aluminum  current  collector  foils  (type  Zflo  2653, 
Exopack  technologies).  A  coating  thickness  of  50-70  pm  was 
achieved.  The  AC-PVP  foils  were  dried  in  one  step  at  90  °C  for  2  h 
on  a  heating  plate  inside  the  glove  box. 

The  AC-PTFE  electrodes  were  prepared  by  the  following  pro¬ 
cedure:  A  mixture  of  2.375  g  AC  powder  and  0.208  g  of  aqueous 
PTFE  solution  were  homogenized  in  a  mortar  and  pestle  by  adding 
drops  of  ethanol  to  a  dough-like  mass  resulting  in  AC-PTFE  mix¬ 
tures  with  5  mass%  PTFE  with  respect  to  AC  plus  PTFE.  These  pre¬ 
pared  AC-PTFE  mixtures  were  rolled  into  free  standing  100  pm 
thick  foils  by  a  twin  roller  (MTI  HR01,  MTI  Corporation)  and  were 
dried  at  120  °C  in  vacuum  at  20  mbar  for  24  h. 
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2.3.  Mechanical  and  structural  characterization 

Mechanical  testing  of  the  coatings  was  done  with  a  micro 
scratch  tester  (MST)  within  30-1000  mN  at  a  loading  rate  of 
970  mN  min-1  and  a  speed  of  10  mm  min-1  (CSEM  Centre  Suisse 
d'Electronique  et  de  Microtechnique  SA).  In  this  method,  a  400  pm 
diameter  diamond  ball  is  sliding  on  the  coating  at  a  given  speed 
(10  mm  min-1)  with  a  load  rate  of  970  mN  min-1  (test  length: 
10  mm,  start  load:  30  mN).  The  position  of  the  ball,  penetration 
depth,  and  the  load  were  recorded. 

Scanning  electron  microscopy  (SEM)  was  used  to  investigate  the 
particle  morphology  and  film  consistency.  A  JSM-7500F  (JEOL) 
field-emission  system  operating  at  2  or  5  kV  was  used  and  the  films 
were  studied  without  the  application  of  a  conductive  sputter 
coating. 

Specific  surface  area  (SSA)  and  pore  size  distribution  of  the 
carbon  powder  and  binder-containing  films  were  determined  by  N2 
sorption  measurements  at  77  I<  (Autosorb  6B,  Quantachrome  In¬ 
struments)  using  the  quenched  solid  density  functional  theory 
(QSDFT)  kernel  implemented  in  the  AS1WIN  software  package 
from  Quantachrome  Instruments.  [27]  The  isotherms  were  fitted 
assuming  a  slit  pore  shape.  BET  SSA  (Ref.  [28  )  was  determined 
within  the  partial  pressure  range  between  0.0016  and  0.05  P  Po1 
that  yielded  the  best  linear  correlation  for  the  BET  equation  [29,30]. 

Raman  spectra  were  measured  with  a  Renishaw  inVia  system 
employing  a  laser  operating  at  532  nm  (<2  mW)  focused  with  a 
50 x  objective  lens  with  a  numeric  aperture  of  0.9.  Raman  spectra 
were  recorded  with  a  lateral  resolution  (in  the  focal  plane)  of  circa 
2  pm  and  a  spectral  resolution  of  ~1.2  cm'1. 

The  attenuated  total  reflection  Fourier  transform  infrared  (ATR 
FTIR)  spectroscopy  was  performed  with  a  Bruker  Tensor  27  single 
bounce  diamond  ATR  system.  The  spectral  resolution  was  set  to 
16  cm-1  and  spectra  were  averaged  over  64  scans.  Scans  of  the 
individual  chemicals  were  background  subtracted  using  the 


recorded  IR  spectrum  of  air  and  the  spectra  taken  with  the  elec¬ 
trodes  were  corrected  using  a  measurement  of  pure  AC  as  the 
background.  All  background  spectra  were  taken  at  the  same  reso¬ 
lution  (16  cm'1)  averaged  over  32  scans.  Care  was  taken  to  expose 
the  samples  to  ambient  conditions  for  less  than  10  s  before  (23  °C, 
31%  relative  humidity)  taking  the  spectra.  The  time  series  studies 
were  accomplished  by  placing  a  drop  of  electrolyte  on  the  electrode 
and  inverting  the  electrolyte-carbon-polymer  system  and  sealing 
the  sample  under  an  aluminum  foil  with  the  ATR  anvil.  In  this 
configuration,  water  absorption  by  the  sample  is  inhibited  and 
trace  amounts  of  water  in  the  sample  came  only  from  the  brief 
exposure  to  ambient  conditions  during  the  insertion  of  the  sample 
on  the  ATR  crystal. 

2.4.  Electrochemical  characterization 

The  electrical  conductivity  of  the  samples  was  determined  by 
four  point  probe  measurements  using  a  custom-built  system.  Four 
spring  loaded  gold  pins  are  in  contact  with  the  electrode  material 
and  a  highly  sensitive  Ampere-meter  (Prema  4001  Digital- 
multimeter)  was  used  to  determine  the  film  resistance.  The  1.5  mm 
diameter  tips  were  flat  and  had  a  tip-to-tip  spacing  of  3.0  mm. 

The  electrochemical  characterization  was  carried  out  in  a 
custom-built  spring-loaded  test  cell  corresponding  with  the  setup 
reported  in  Ref.  [31  .  Electrodes  of  12  mm  diameter  were  punched 
out  of  the  prepared  electrode  sheets  and  used  in  symmetric  two- 
electrode  cells  using  a  glass  fiber  separator  of  13  mm  diameter 
and  260  pm  thickness  (GF/A,  Whatman).  The  cell  assembly  was 
done  in  an  argon  filled  glove  box  (02,  H20  <  0.1  ppm,  MBraun). 
Electrochemical  characterization  in  symmetric  cells  consisted 
of  cyclic  voltammetry  (CV)  measurements  at  different  scan  rates 
(1, 10,  50,  and  100  mV  s-1)  up  to  2.7  V  cell  voltage  with  10  s  resting 
(at  0  and  2.7  V,  respectively)  for  performance  testing  and  galva- 
nostatic  charge  and  discharge  with  potential  limitation  (GCPL) 


Fig.  1.  (A-B)  Scanning  electron  microscope  images  (SEM;  acceleration  voltage:  5  kV  except  2  kV  for  the  inset  in  B)  of  activated  carbon  (AC)  powder  particles.  (A)  Dry  powder.  (B) 
Casted  AC  electrode  on  aluminum  using  3.5  mass%  of  polyvinylpyrrolidone  (PVP).  (C)  Photograph  of  the  casted  electrode  on  aluminum  (10  x  10  cm2).  (D)  Raman  of  the  as  received 
AC  powder  and  the  PVP-bound  electrode. 
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measurements  for  constant  voltage  aging  experiments  as  described 
in  more  detail  in  Ref.  [32  .  The  long  term  stability  of  the  electrode 
materials  was  tested  at  a  constant  voltage  of  2.5  V  or  2.7  V  (floating) 
and  in  10  h  intervals,  the  electrodes  were  discharged  and  three 
cycles  to  2.5  V  are  performed  to  determine  the  capacitance;  this 
procedure  was  repeated  for  ten  times.  In  all  experiments,  only  the 
discharge  current  was  used  for  the  calculation  of  the  specific 
capacitance  [33  .  A  detailed  investigation  of  the  electrochemical 
stability  window  of  AC-PVP  electrodes  was  done  according  to 


Ref.  [34  .  For  that  the  counter  electrode  (PTFE  bound  YP50)  was 
largely  oversized  in  charge  capacity  and  a  reference  electrode 
prepared  from  YP50  was  attached  to  the  system  from  the  side 
[31,35  .  The  potential  window  opening  was  conducted  from  0.3  V 
vs.  carbon  to  2.5  V  vs.  carbon  in  100  mV  steps.  The  negative  po¬ 
tential  window  was  investigated  in  a  separate  cell  with  the  same 
potential  step  size,  respectively.  All  electrochemical  experiments 
were  carried  out  using  a  VSP-300  potentiostat/galvanostat  (Bio- 
Logic  Science  Instruments). 
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Fig.  2.  (A)  Typical  micro  scratch  measurement  on  activated  carbon  (AC)  electrodes.  (B) 
Influence  molecular  mass  (Mw)  of  polyvinylpyrrolidone  (PVP).  (C)  Influence  of  PVP 
content. 


3.  Results  and  discussion 

3.1.  Structural  characterization  of  AC 

The  used  AC  powder  consisted  of  agglomerates  of  porous  par¬ 
ticles  with  a  size  ranging  from  below  1  to  circa  10  pm  (Fig.  1  A).  After 
casting  on  aluminum  current  collector,  the  AC-PVP  film  showed 
optical  and  morphological  film  integrity  and  high  resolution  im¬ 
aging  shows  evidence  for  particle-particle  gluing  (Fig.  IB).  Elec¬ 
trodes  with  an  area  of  >100  cm2  were  coated,  as  outlined  in  the 
experimental  section,  directly  on  the  current  collector  (Fig.  1C; 
example  shown:  100  cm2). 

Raman  spectra  indicate  that  the  carbon  powder  is  composed  of 
incompletely  graphitized  carbon,  as  seen  from  the  emergence  of 
both,  a  disorder  related  D-mode  (1343  cm'1)  besides  the  G-mode 
(1605  cm'1)  which  is  related  to  a  sp2-hybridized  carbon  network 
(Fig.  ID)  [36,37].  The  addition  of  3.5  mass%  PVP  (molecular  mass: 
Mw  =  1.300.000  g  mol-1)  to  the  carbon  material  does  not  induce 
any  change  to  the  Raman  spectrum  and,  as  expected  from  the 
ambient-temperature  treatment  process,  no  change  to  the  carbon 
structure  (i.e.,  the  Io~Ig  ratio  remains  at  a  value  of  1.54  ±  0.02  using 
Lorentzian  peak  fitting). 

3.2.  Influence  of  the  binder  on  mechanical  and  electrical  properties 
and  porosity 

PVP  is  available  in  different  molecular  masses  and  it  is  important 
to  study  the  possible  impact  of  Mw  on  the  resulting  film  properties 
(especially  considering  film  integrity  and  strength).  For  that,  coat¬ 
ings  were  derived  from  carbon  slurries  by  drain  casting  with  5  mass 
%  of  PVP  with  varying  Mw-values  and  tested  using  a  micro  scratch 
tester.  In  such  experiments,  the  load  corresponding  to  the  sudden 
increase  of  the  measured  penetration  depth  is  defined  as  pene¬ 
tration  force,  /p,  which  describes  the  mechanical  performance  of 
the  coatings  as  illustrated  for  a  typical  measurement  in  Fig.  2A. 


Table  1 

Pore  characteristics  (specific  surface  area,  SSA;  volume-weighted  average  pore  size, 
d50;  total  pore  volume)  obtained  from  nitrogen  gas  sorption  analysis  at  77  K  using 
the  BET  equation  and  quenched  solid  density  functional  theory  (QSDFT)  assuming  a 
slit  pore  shape  for  activated  carbon  (AC)  with  or  without  the  addition  of  polymer 
binder  (polyvinylpyrrolidone,  PVP;  polytetrafluorethylene,  PTFE;  polyvinylidenedi- 
fluoride,  PVDF). 


SSA  (m2 

g  ^ 

Average  pore 
size  (nm) 

Pore  volume 
(cm3  g"1) 

BETa 

QSDFT 

QSDFT 

QSDFT 

AC  as  received 

1720 

1521 

0.94 

0.73 

AC  with  3.5  mass%  PVP 

1675 

1485 

0.93 

0.71 

AC  with  5  mass%  PVP 

1574 

1392 

0.94 

0.66 

AC  with  5  mass%  PTFE 

1523 

1330 

0.96 

0.65 

AC  with  1 0  mass%  PVDF 

1213 

1031 

0.99 

0.52 

a  BET  SSA  derived  from  the  linear  region  between  0.0016  and  0.05  P  Pd1. 
b  Average  pore  size  refers  to  the  volume-weighted  average  pore  size,  d50,  derived 
via  d50  =  Ya=\ di '  Y/Za=i  Y  with  d  as  the  pore  size  and  V  as  the  pore  volume. 
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Using  a  fixed  amount  of  PVP  binder  (i.e.,  5  mass%)  with  different 
molecular  mass  significantly  affects  the  penetration  force  (Fig.  2B). 
Increasing  Mw  from  40.000  to  360.000  to  1.300.000  g  mol-1,  the 
penetration  force  increases  from  294  to  406  and  475  mN  (corre¬ 
sponding  to  an  improvement  of  161%).  This  is  in  agreement  with 
the  observation  of  other  PVP  composites  that  showed  improved 
mechanical  properties  for  increased  molecular  mass  [38  .  From 
these  results  we  concluded  to  use  PVP  with  a  molecular  mass  of 
1.300.000  g  mol-1  for  the  remainder  of  the  study. 
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Fig.  3.  (A)  Nitrogen  sorption  isotherms  at  77  K  of  as  received  activated  carbon  (AC) 
with  or  without  the  addition  of  polymer  binder  (3.5  mass%  of  polyvinylpyrrolidone, 
PVP;  5  mass%  of  polytetrafluorethylene,  PTFE;  10  mass%  of  polyvinylidenedifluoride, 
PVDF).  (B)  Quenched  solid  density  functional  theory  (QSDFT)  isotherm  deconvolution 
of  AC  (pore  size  distribution).  (C)  Dependency  of  the  specific  surface  area  (SSA;  derived 
from  the  BET  equation)  on  the  PVP  content. 


One  key  aspect  of  binder  optimization  strategies  for  EDLC 
electrodes  is  the  minimization  of  binder  content  to  balance  opti¬ 
mized  mechanical  integrity  (at  higher  amounts  of  binder)  and 
electrical  conductivity/reduced  dead  mass  (at  lower  binder  addi¬ 
tions).  Here,  we  varied  the  PVP  content  between  2.5  and  5.0  mass% 
and  observed  a  constant  increase  in  the  penetration  force  at  larger 
amounts  of  added  binder  (Fig.  2C).  The  best  improvement  in  me¬ 
chanical  properties  can  be  seen  when  increasing  the  PVP  addition 
from  2.5  to  3.5  mass%  (/p :  +184%)  with  only  slight  increase  in/p 
when  even  higher  amounts  of  PVP  were  used  (from  3.5  to  5  mass%; 
/p:  +14%).  Compared  to  the  commonly  used  PVDF  (/p:  253  ±  32  mN 
using  10  mass%  of  binder),  PVP  films  with  a  content  of  only  3.5  mass 
%  of  binder  show  significantly  better  mechanical  performance  (/p: 
415  ±  20  mN).  Thus,  at  lower  binder  concentration,  higher  film 
strength  can  be  obtained;  therefore,  3.5  mass%  of  PVP  was  used  for 
the  remainder  of  the  study  (unless  otherwise  stated).  A  comparison 
with  only  5  mass%  PVDF  was  not  possible  because  of  very  low  film 
integrity  when  using  less  than  10  mass%,  and  a  comparison  with 
PTFE-bound  electrodes  was  not  meaningful  since  PTFE-bound 
cannot  be  casted  directly  onto  the  current  collector. 

Another  important  aspect  is  the  impact  of  binder  to  the  film 
electrode  porosity.  It  is  a  common  misperception  to  use  the 
porosity  of  dry  powders  of  porous  carbons  to  correlate  with  the 
electrochemical  properties  and  not  the  porosity  of  the  carbon  film 
electrode  which  is  actually  measured.  Usually,  the  difference  be¬ 
tween  the  porosity  of  dry  powder  with  and  without  binder  are  not 
drastic,  but  noteworthy,  because  some  of  the  total  pore  volume  is 
blocked  by  the  binder  [14  .  Table  1  provides  an  overview  of  the 
porosity  (SSA,  average  pore  size,  and  pore  volume)  of  as  received  AC 
and  compares  the  resulting  pore  characteristics  for  3.5  and  5  mass% 
PVP,  5  mass%  PTFE,  and  10  mass%  PVDF.  The  lowest  PTFE  binder 
content  that  still  yielded  mechanically  coherent  film  electrodes  in 
our  experiments  was  5  mass%. 

Dry  AC  powder  showed  a  BET  SSA  of  1720  m2  g-1  (QSDFT  SSA: 
1521  m2  g-1),  a  total  pore  volume  of  0.73  cm3  g-1  dominated  by 
micropores,  and  a  volume-weighted  average  pore  size  (dso)  if 
0.94  nm.  When  adding  5  mass%  of  PTFE  or  10  mass%  of  PVDF,  the 
total  pore  volume  is  decreased  by  11  or  29%,  respectively,  due  to  a 
smaller  amount  of  accessible  micropores.  These  amounts  greatly 
exceed  the  actual  contribution  of  the  PTFE  or  PVDF  binder  content 
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Fig.  4.  Specific  sheet  electrical  resistance,  Cl  cm,  of  various  additions  of  poly¬ 
vinylpyrrolidone  (PVP)  to  activated  carbon  (AC).  For  comparison  data  is  added  for  film 
electrodes  with  10  mass%  polyvinylidenedifluoride  (PVDF),  and  5  mass%  of  polytetra¬ 
fluorethylene  (PTFE). 
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(i.e.,  5  or  10  mass%,  respectively,  of  a  material  with  essentially  no 
specific  surface  area)  and  must  be  related  to  pore  blocking.  In 
contrast,  only  ~3%  of  the  pore  volume  is  blocked  by  the  binder 
when  employing  3.5  mass%  of  PVP  and  this  value  is  almost  identical 
to  the  added  mass  of  non-porous  binder.  Thus,  PVP  glues  the  AC 
particles  together  without  actually  blocking  access  to  the  high 
surface  area  and  pore  volume  of  the  porous  carbon.  Consequently, 
the  other  pore  characteristics  remain  almost  unchanged  when  us¬ 
ing  3.5  mass%  of  PVP  compared  to  the  dry  powder  (QSDFT 
SSA:  -2%;  average  pore  size:  -0.1  A)  as  can  be  expected  from  the 
minute  differences  to  the  nitrogen  sorption  isotherm  at  77  I<  of  the 
as  received  AC  powder  (Fig.  3A).  Also  in  case  of  pore  blocking  for 
PVDF  and  PTFE  with  significantly  decreased  pore  volume  and  sur¬ 
face  area,  the  shape  and  type  of  the  isotherm  curve  (type  IV  with  a 
H4  hysteresis  loop)  [39,40  remain  similar  to  the  original  AC  pow¬ 
der,  which  results  in  almost  no  change  of  the  pore  size  distribution 
(PSD,  Fig.  3B)  of  the  film  electrodes.  It  is  important  to  note  that  the 
adherence  to  a  simple  rule  of  mixing  (i.e.,  negligible  pore  blocking 
and  pronounced  particle-particle-cohesion)  is  also  observed  to  a 
large  degree  when  increasing  the  PVP  content  up  to  5  mass% 


(B) 


(C) 


Fig.  5.  Fourier  transform  infrared  spectra  (FTIR)  using  attenuated  total  reflectance 
(ATR)  of  (A)  acetonitrile  (ACN),  (B)  propylene  carbonate  (PC),  and  (C)  poly¬ 
vinylpyrrolidone  (PVP)  including  their  chemical  structures. 


(Fig.  3C).  The  ideal  line  of  mixing  was  determined  by  using  the  mass 
fraction  of  AC  and  PVP  and  multiplying  these  amounts  with  the 
measured  SSA  values  (i.e.,  AC:  1720  m2  g-1;  PVP:  4  m2  g-1). 

Besides  the  coherent  mechanical  stability  and  beneficial 
porosity,  the  electric  conductivity  is  a  key  property  of  the  com¬ 
posite  electrode  material.  Within  the  studied  range  of  2.5-5.0  mass 
%  of  PVP  added  to  AC,  the  resistance  varies  in  the  range  from  38  to 
55  Q  cm  without  any  indication  of  a  trend  within  the  range  of 
statistical  scatter  (Fig.  4).  This  value  is  appreciably  higher  than  for 
the  10  mass%  PVDF  casted  electrodes  (ca.  8  Q  cm;  i.e.,  lower  by  a 
factor  of  5-7)  possibly  due  to  the  improved  particle-particle 
contact  (that,  however,  did  not  translate  to  a  better  mechanical  film 
integrity  as  seen  previously). 

3.3.  Chemical  compatibility  ofAC-PVP  electrodes  with  organic 
electrolytes 

While  PTFE  and  PVDF  are  commonly  used  binder  materials  for 
EDLC  electrodes  using  organic  electrolytes,  we  have  yet  to  establish 
chemical  stability  of  PVP  with  ACN  and  PC  to  provide  a  basis  for 
subsequent  electrochemical  testing.  We  also  note  that  the  use  of 
aqueous  electrolytes  is  excluded  for  PVP  because  of  its  high  solu¬ 
bility  in  water.  First,  FTIR  spectra  were  collected  of  the  electrode 
films  immersed  in  either  ACN  or  PC  (Fig.  5A-B)  along  with  a  casted 
AC  electrode  with  3.5  mass%  PVP  (Fig.  5C).  A  detailed  list  of  assigned 
peaks  can  be  found  in  ^able  2.  Note  that  the  characteristic  carbonyl 


Table  2 

FTIR  peak  assignment  (polyvinylpyrrolidone,  PVP;  [41]  propylene  carbonate,  PC 
[46  );  acetonitrile,  ACN  [47]). 


Chemical 

compound 

Peak  (cm  :) 

Assignment 

Notes 

PVP 

3500-3200 

N— H  stretch 

Shifted  broad  peak 
due  to  hydrogen 
bonding 

3000-2800 

CH3— CH2  stretch 

1651 

C=0 

Typically  seen  at 
1680  cirT1  down 

shifted  due  to 
hydrogen  bonding 

1492 

(Ring)  CH2  scissor 

1456 

(Ring)  CH2  scissor 

1423 

(Ring)  CH2  scissor 

1374 

C— H  deformation 

1016 

C— C  backbone 

930 

C— C  ring  breathing  mode 

PC 

2987 

CH  stretch 

2928 

CH  stretch 

1779 

C=0 

1559 

Ring  C— C 

1484 

Ring  C— C 

1453 

Ring  C— C 

1227 

C-0 

Ester  (attached 
to  carbonyl) 

1387 

CH3  bending 

1349 

CH3  bending 

1075 

C-0 

Backbone 

ACN 

3170 

CN 

3004 

C— H  asymmetric  stretch 

2970 

C— H  stretch 

2940 

C— H  stretch 

2624 

C— H  stretch 

2291 

C— H  bend 

2250 

CN  stretch 

1436 

Asymmetric  C— H  bend 

1412 

C— H  rock  and  C— N  bend 

1378 

C— H  bend 

1035 

CH3  rock 

917 

Triple  bond  bending 

752 

Triple  bond  bending 

545 

Triple  bond  bending 
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peak  for  PVP  is  typically  found  at  1680  cm-1  while  it  is  located  at 
1651  cm'1  in  our  samples.  The  carbonyl  peak  in  the  PVP  molecule  is 
very  sensitive  to  hydrogen  bonding  and  when  even  minute 
amounts  of  water  are  present,  the  carbonyl  peak  can  down  shift 

[41]. 

The  pristine  AC-PVP  electrode  casted  on  aluminum  did  not 
show  strong  PVP  peaks  itself  due  to  non-ideal  contact  with  the  ATR 
crystal  and  the  opaque  carbon  matrix  (Fig.  6A).  Exposing  the 
AC-PVP  film  electrodes  on  aluminum  to  PC  did  not  result  in  sig¬ 
nificant  changes  in  the  vibrational  spectra  suggesting  the 
AC-PVP-PC  system  is  chemically  very  stable  at  room  temperature 
(time  series  over  25  x  60  s  is  provided  in  Fig.  6B).  A  different  sit¬ 
uation  can  be  observed  when  exposing  AC-PVP  electrodes  casted 
on  aluminum  to  ACN  (Fig.  6C).  Initially  the  spectra  have  the  char¬ 
acteristic  peaks  associated  with  ACN;  yet,  as  time  progresses,  the 
ACN  peaks  in  the  low  wavenumber  range  disappear  and  peaks 
grow  in  the  high  wavenumber  section.  Additionally  there  is  a 
growing  C-0  peak  centered  at  (2380  cm'1)  not  seen  in  any  of  the 
other  spectra.  This  peak  is  a  reaction  by-product  and  not  an  artifact 
of  the  experimental  conditions.  Additionally,  the  growing  peaks  at 
3350  and  3200  cm-1  are  assigned  to  stretch  vibrations  of  N-H, 
intermediate  amines  from  the  hydrolysis  of  acetonitrile,  indicating 
the  presence  of  minute  amounts  of  water  in  the  system  (most 
probably  ad-  or  absorbed  by  PVP).  In  the  presence  of  water,  ACN 
reacts  to  form  acetamide  releasing  H2  and  CO2  as  reaction  by¬ 
products  [42  .  The  time  series  taken  of  the  ACN  on  the  PVP-AC 
electrodes  reveals  the  loss  of  the  ACN  peaks  (3000,  2293/2245, 
1440/1375, 1040,  920,  748  cm'1)  and  the  growth  of  peaks  between 
3550  and  3200  cm'1  coupled  with  the  peak  at  1640  cm-1  indi¬ 
cating  that  hydrolysis  has  occurred.  Yet,  no  degradation  of  the  PVP 
itself  is  observed.  However,  it  is  important  to  note  that  the  exact 
same  mechanism  of  ACN  hydrolysis  is  observed  when  ACN  is 


studied  directly  on  the  FT-IR  ATR  crystal  (Fig.  6D).  Thus,  it  can  be 
concluded  that  besides  the  well-known  reaction  of  ACN  with  trace 
amounts  of  water  which  are  adsorbed  on  the  electrode,  no  further 
degradation  mechanism  would  in  principle  contradict  the  suit¬ 
ability  of  PVP-AC  for  either  ACN  or  PC  electrolytes.  To  exclude  the 
detrimental  effect  of  water  to  the  electrolyte  stability,  the  PVP 
electrodes  used  in  the  next  section  were  completely  prepared  in¬ 
side  the  glove  box  with  moisture  and  oxygen  levels  below  1  ppm. 

3.4.  Electrochemical  measurements 

Based  on  the  results  for  mechanical  stability  and  electrical 
conductivity/porosity  measurements,  we  chose  to  carry  out  the 
electrochemical  characterization  of  AC-PVP  electrodes  containing 
a  binder  content  of  3.5  mass%.  The  coating  thickness  was  in  the 
range  of  50-70  pm.  Cyclic  voltammetry  (CV)  was  performed  at  scan 
rates  1,  10,  50,  and  100  mV  s^1  up  to  a  cell  voltage  of  2.7  V  for 
AC-PVP  in  1  M  TEA— BF4  in  either  ACN  or  PC  (Fig.  7A  and  B, 
respectively).  Operating  in  PC,  rectangular  shaped  CVs  were  ob¬ 
tained  that  showed  a  decrease  in  specific  capacitance  with 
increasing  scan  rate  as  a  result  of  the  more  resistive  behavior  at 
higher  power  conditions.  In  contrast,  pronounced  faradaic  reactions 
resulting  in  a  distorted  CV  shape  are  encountered  at  a  scan  rate  of 
1  mV  s_1  when  the  cell  voltage  approaches  circa  2.5  V  in  ACN.  These 
features  vanish  as  soon  as  the  scan  rate  is  increased  as  the  time 
during  which  the  system  remains  at  critical  voltages  is  too  short 
considering  the  apparently  slow  electrochemical  reactions.  Yet,  it  is 
clear  from  these  results  that  2.7  V  in  a  symmetrical  cell  with  two 
identical  electrodes  may  be  to  too  large  for  ACN  (see  also  Fig.  8). 

To  evaluate  the  power  handling,  we  performed  galvanostatic 
charge  and  discharge  sweeping  from  0.1  to  10  A  g-1  current  density 
( Table  3,  Fig.  7C).  Using  PC,  the  highest  capacitance  at  0.1  A  g-1  was 
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Fig.  6.  (A)  Fourier  transform  infrared  spectroscopy  (FTIR)  spectrum  of  activated  carbon  (AC)  film  electrode  containing  3.5  mass%  polyvinylpyrrolidone  (PVP).  The  background  was 
corrected  for  the  signal  of  pure  carbon  (dry  AC).  (B)  Time  series  (25  x  60  s)  for  AC-PVP  in  propylene  carbonate  (PC).  (C)  Time  series  (25  x  60  s)  for  AC-PVP  in  acetonitrile  (ACN).  (D) 
Time  series  (25  x  60  s)  for  only  the  aluminum  foil  in  ACN  measured  under  ambient  conditions  (i.e.,  access  of  moisture). 
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Fig.  7.  Cyclic  voltammograms  (CVs)  of  an  activated  carbon  (AC)  film  electrode  with  using  3.5  mass%  polyvinylpyrrolidone  (PVP)  employing  (A)  acetonitrile,  ACN,  or  (B)  propylene 
carbonate,  PC,  with  1  M  TEA-BF4  as  the  salt  in  both  cases.  The  arrows  indicate  the  order  in  which  the  scan  rate  was  increased  from  1  to  100  mV  s_1.  (C)  Galvanostatic  charge  and 
discharge  plots  for  AC-PVP  and  electrodes  with  5  mass%  of  polytetrafluorethylene  (PTFE).  (D)  Voltage  holding  at  2.5  or  2.7  V  for  60  h.  (E)  Galvanostatic  charge  and  discharge  cycling 
at  1  A  g  1  up  to  2.5  or  2.7  V. 


Fig.  8.  Calculated  S-values  of  an  activated  carbon  (AC)  film  electrode  using  3.5  mass%  polyvinylpyrrolidone  (PVP)  casted  on  aluminum  in  a  three  electrode  cell  employing 
acetonitrile,  ACN,  or  propylene  carbonate,  PC,  with  1  M  TEA-BF4.  Only  a  zoom  in  onto  the  range  up  to  S  <  0.12  is  shown. 
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Table  3 

Electrochemical  performance  of  activated  carbon  (AC)  electrodes  with  different 
binders  in  1  M  TEA— BF4  (tetraethylammonium  tetrafluoroborate)  in  propylene 
carbonate  (PC)  or  acetonitrile  (ACN)  derived  at  0.1  A  g'1  using  galvanostatic  charge 
and  discharge. 


Solvent 

Specific  capacitance  (F  g  :) 

AC  with  3.5  mass%  PVP 

PC 

112 

AC  with  3.5  mass%  PVP 

ACN 

97 

AC  with  5  mass%  PTFE 

PC 

107 

AC  with  10  mass%  PVDF 

PC 

70 

measured  for  AC-PVP  (112  F  g-1)  followed  by  AC-PTFE  (107  F  g-1) 
and  AC-PVDF  (70  F  g-1),  while  for  ACN,  we  measured  a  value  of 
97  F  g-1.  This  slightly  lower  value  (-15%  compared  to  AC-PVP  in 
PC)  may  be  associated  with  the  onset  of  electrochemical  degrada¬ 
tion  when  charging  up  to  2.7  V  cell  voltage  but  is  much  more  sig¬ 
nificant  than  the  difference  to  using  10  mass%  PVDF  (-38%).  The 
decreased  capacitance  when  using  PVDF  is  a  result  of  the  reduced 
amount  of  available  surface  area.  Staying  within  the  range  of  values 
for  PVP  electrodes,  it  is  important  to  note  that  there  is  a  minimal 
variation  and  a  very  high  reproducibility  from  batch  to  batch  and 
when  comparing  sprayed  and  casted  electrodes;  in  both  cases,  the 
values  for  the  specific  capacitance  stayed  within  a  range  of  just  ±5%, 
illustrating  the  high  reproducibility  of  the  method. 

Comparing  only  the  two  most  promising  binders,  namely  PVP 
and  PTFE  in  PC  and  ACN,  the  rate  handling  shows  a  slightly  better 
relative  power  performance  for  AC-PVP  (capacitance  -19%  at 
10  A  g-1  compared  to  -21%  for  AC-PFTE;  see  Fig.  7C).  The  inter¬ 
esting  aspect  is  that  the  rate  handling  is  comparable  to  PTFE 
although  the  electrode  density  is  much  lower  and  the  electrical  film 
resistance  is  actually  higher  (AC-PTFE:  0.611  ±  0.02  g  cm-3, 
AC-PVDF:  0.458  ±  0.03  g  citT3,  AC-PVP:  0.473  ±  0.01  g  citT3).  This 
behavior  is  probably  related  to  the  optimized  electrode/current 
collector  interface  as  a  result  of  the  casting  process  compared  to 
rolling. 

Floating  is  a  reliable  method  to  address  the  electrochemical 
stability  near  the  stability  window  (Fig.  7D).  When  we  first  compare 
the  performance  of  AC-PTFE  (which  is  known  for  its  very  high 
stability;  Ref.  [43  )  and  AC-PVP,  we  see  that  after  60  h  at  2.7  V  the 
capacitance  has  more  severely  dropped  for  PVP-based  electrodes 
using  PVP  in  ACN  (-33%)  rather  than  PC  (-12%).  The  AC-PTFE 
electrode,  however,  has  maintained  a  high  performance  at  a  level  of 
95%  of  the  initial  cell  capacitance.  Yet,  slightly  decreasing  the 
maximum  operation  voltage  from  2.7  V  to  2.5  V  (i.e.,  mitigating  the 
issues  caused  by  approaching  the  electrochemical  stability  window 
limit)  significantly  improves  the  performance  stability  and  a 
capacitance  loss  of  only  7%  is  encountered  for  AC-PVP  in  ACN 
(Fig.  7D).  This  shows  the  importance  of  adjusting  the  maximum  cell 
voltage  or,  as  an  advanced  tool  to  mitigate  stability  limitations,  to 
adjust  the  mass  of  both  electrodes  so  that  the  operational  voltage 
can  be  maximized  [1,44  .  We  note  that  decreasing  the  cell  voltage 
from  2.7  V  to  2.5  V  in  ACN  (i.e.,  -7%)  somewhat  decreases  the  en¬ 
ergy  density  from  23.8  Wh  kg-1  to  20.4  Wh  kg-1  (i.e.,  -14%). 
Qualitatively,  the  same  trends  are  observed  when  the  performance 
stability  is  evaluated  by  galvanostatic  charge  and  discharge  cycling 
at  3  A  g-1  (Fig.  7E).  While  the  capacitance  decrease  after  10.000 
cycles  is  largest  for  AC-PVP  using  ACN  and  a  maximum  cell  voltage 
of  2.7  V,  this  decrease  (-19%)  is  less  pronounced  compared  to 
voltage  floating  at  2.7  V  for  50  h  (-29%).  This  illustrates  the  less 
strenuous  testing  conditions  during  galvanostatic  cycling 
compared  to  voltage  floating  and  the  enhanced  electrochemical 
degradation  in  the  latter  case.  Also,  it  is  important  to  note  that  the 
performance  decrease  for  systems  with  a  high  electrochemical 
stability  (i.e.,  AC-PVP  in  PC  at  2.7  V,  AC-PVP  in  ACN  at  2.5  V,  and 


AC-PTFE  in  either  ACN  or  PC  at  2.7  V)  showed  after  50  h  of  voltage 
holding  a  much  lower  decrease  in  capacitance  (<10%)  compared  to 
galvanostatic  cycling  over  10.000  cycles  (12-16%).  The  cycling 
stability  of  AC-PVP  at  2.7  V  is  highly  comparable  to  the  PVDF  based 
system,  indicating  that  our  much  easier  fabrication  process  leads  to 
comparable  stability  values. 

The  optimum  operational  voltage  was  further  investigated  using 
a  three  electrode  cell  with  AC  as  the  reference  electrode  and  an 
oversized  AC  counter  electrode  (Fig.  8).  From  successively 
increasing  the  electrode  potential  (versus  carbon),  following  the 
procedure  outlined  in  Refs.  [34,45  ,  it  is  possible  to  derive  the  so- 
called  S-value  defined  as: 

S+.|-,a„clS_.|-l 

with  Q  as  the  charge  and  the  signs  identifying  positive  or  negative 
polarization;  [45]  Q  in  these  cases,  was  calculated  from  sweeping 
to  various  positive  and  negative  electrode  potentials  in  100  mV 
increments.  In  ACN  and  PC  a  value  very  close  to  -2.4  V  versus 
carbon  was  identified  in  both  cases  for  S  =  0.1  which  is  a  the  cut-off 
criterion  for  the  electrochemical  window  according  to  Xu  et  al.  [45]. 
For  positive  polarizations,  however,  we  see  that  the  cut-off  is 
reached  much  earlier  for  ACN  (+1.3  V  versus  carbon),  while  PC 
reaches  this  threshold  at  higher  voltages  (1.5  V  versus  carbon). 
These  determined  values  would  correspond  to  a  possible  cell 
voltage  of  above  3.5  V,  which  according  to  Fig  7D  is  definitely  not 
the  stability  limit  of  the  system.  The  change  in  slope  in  the  S-value 
vs.  vertex  voltage  plot  in  positive  direction  can  be  clearly  seen  at  a 
potential  of  about  0.75  V  vs.  carbon,  whereas  in  negative  direction, 
ACN  and  PC  electrolytes  behave  differently.  While  PC  shows  a 
horizontal  line  nearly  down  to  a  potential  of  -1.75  V  vs.  carbon,  a 
constant  slope  starts  for  ACN  below  a  voltage  of  -0.75  V  vs.  carbon, 
with  a  strong  increase  below  -1.75  V  vs.  carbon.  The  voltage 
holding  experiments  in  ACN  based  electrolytes  to  2.5  V  cell  voltage 
indicate  that  the  system  is  stable  in  this  voltage  range.  Since  the 
voltage  window  is  strongly  asymmetric,  an  adaption  of  the  masses 
of  the  positive  and  negative  electrodes  might  help  to  further  in¬ 
crease  the  stability.  Yet,  a  stable  performance  at  2.5  V,  as  shown  by 
floating,  can  be  reached  for  AC-PVP  in  ACN  even  in  symmetric 
arrangement.  The  charge/discharge  measurements,  however, 
indicate  that  the  degradation  mechanism  is  prone  to  cycling, 
meaning  that  also  in  PC  a  slightly  lower  cell  voltage  or  an  adjust¬ 
ment  of  the  electrode  masses  should  be  taken  into  account. 

4.  Conclusions 

In  our  study,  we  have  shown  that  PVP  can  be  used  as  a  binder  for 
EDLC  electrodes  operating  in  propylene  carbonate  based  electro¬ 
lyte.  Mechanical  stability  and  film  integrity  increased  with 
increasing  molecular  mass  of  PVP;  however,  considering  its  elec¬ 
trical  isolative  behavior  and  added  dead  mass,  a  compromise  in  PVP 
content  was  found  to  be  3.5  mass%.  This  amount  of  PVP  (using 
Mw  =  1.300.000  g  mol-1)  showed  a  negligible  impact  on  total  pore 
volume,  average  pore  size,  and  resulting  specific  surface  area  while 
enabling  drain  casting  and  spray  coating  directly  onto  aluminum 
current  collectors. 

Vibrational  spectroscopy  showed  readily  occurring  chemical 
reactions  at  room  temperature  in  ACN  stemming  from  traces  of 
residual  water.  Yet,  for  PC  and  ACN,  no  intrinsic  chemical  reactions 
with  PVP  itself  are  detected.  These  findings  are  in  agreement  with 
the  electrochemical  performance,  where  AC-PVP  electrodes 
perform  comparably  well  as  AC-PVDF  (10  mass%  binder)  or 
AC-PTFE  (5  mass%  binder)  electrodes  under  floating  to  ascertain 
the  electrochemical  stability  (i.e.,  stress  testing).  In  case  of  ACN, 
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very  high  performance  stability  can  be  observed  after  extended 
floating  when  the  maximum  cell  voltage  is  decreased  from  2.7  V  to 
2.5  V  in  agreement  with  the  calculated  S-values  from  sweeping  the 
vertex  potentials.  Thus,  PVP  presents  itself  as  a  highly  suitable 
binder  material  for  ACN  and  PC  with  further  room  of  improvement 
in  future  studies  dedicated  to  mass  balancing  and  optimization  of 
cell  voltages. 

With  the  higher  specific  capacitance  compared  to  AC-PVDF  and 
energy  ratings  only  slightly  less  than  AC-PTFE,  AC-PVP  enables  a 
much  more  facile  production:  in  contrast  to  PTFE,  the  films  can  be 
casted  or  sprayed  directly  on  a  current  collector  and  in  contrast  to 
PVDF,  ethanol  can  be  used  instead  of  toxic  NMP  as  the  solvent  for 
slurry  preparation.  Thus,  a  fluorine-free  binder  material,  namely 
PVP,  has  been  shown  to  be  as  versatile  in  casting/spraying  as  PVDF 
and  such  film  coating  processes  can,  in  addition,  be  based  on  a 
much  “greener”  synthesis  approach. 
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